Atlantic oakwoods are of high conservation value in western Europe. Developing effective conservation management policies requires data on the dynamics of woodland over long time scales. Such data are not available through monitoring or documentary records so palaeoecological data have been investigated. Pollen and charcoal data from four western Irish woods covering up to 7000 years have been analysed to provide information on changes in alpha and beta diversity, rates of change and fire history over time. These analyses reveal that the most significant changes in biodiversity relate to the loss of Pinus sylvestris from these woods followed by their exploitation and subsequent management for timber, charcoal and tan bark. The structure and composition of the present day woods still display a strong legacy from their exploitation and this raises important questions relating to the long--term conservation management of these woods.
Introduction
The Atlantic oakwoods of western Europe have been regarded as temperate rainforest due to the high degree of oceanicity that they enjoy and the associated richness and luxuriance of their bryophyte and fern floras (Baarda, 2005 and Kelly, 2005) . They have distinctive biodiversities (Hall and Stone, 2005 and Kelly, 2005) and consequently are listed as Annex 1 habitats (EU code 91A0) under the European Union's Habitats Directive (E.U., 1992) which affords their protection under national conservation designations in the relevant countries. Atlantic oakwoods have been developing throughout the postglacial (Brewer et al., 2005) .
Although they are defined by their oceanic climate, palaeoecological evidence from Ireland, Scotland and Wales demonstrates that they have been profoundly influenced by human impacts in the past (Edwards, 1986 , Mitchell, 1988 , Mitchell, 1990 , Little et al., 1996 and Sansum, 2004 . Vegetation surveys have also highlighted disturbance in the form of grazing and timber extraction as being the principal drivers of structural changes to Atlantic oakwoods throughout Britain as well as in the Basque country of Northern Spain (Onaindia et al., 2004 and Amar et al., 2010) . Both climate change and human induced impacts are identified as significant threats to the future continuity of this conservation resource (Hall and Stone, 2005 and Kelly, 2005) .
Addressing the mitigation of these threats requires the investigation of long--term data that cover temporal scales that are commensurate with that of the forest cycle of tree generations. Although some long--term monitoring datasets do exist (Silvertown et al., 2010) they are never of sufficient quality or longevity to address the dynamics of forest successions. Despite this, Keith et al. (2009) have used long--term data to demonstrate taxonomic homogenization of woodland communities in southern England over a 70 year period. Additionally, resurveys of British woodlands after two to four decades have revealed structural changes associated with a range of drivers that vary in both space and time (Peterken and Jones, 1987 , Peterken and Jones, 1989 , Kirby et al., 2005 , Mihok et al., 2009 and Amar et al., 2010 . These investigations raise the question of how much the biodiversity of Atlantic oakwoods has been impacted by the human exploitations that they suffered in recent centuries or indeed by the non--intervention conservation policies that have been adopted in recent decades. Detailed floristic data covering these times, as well as from earlier, to provide a baseline do not exist but some relevant information can be obtained from palaeoecological sources (Mitchell, 2011) .
Pollen analysis has the advantage that long time records (thousands of years) of vegetation change can be reconstructed from a single site. The main restriction of this approach is poor spatial resolution (Mitchell, 2011) . Traditional pollen analysis uses sediments from large lakes or bogs which collect pollen from a radius of tens of kilometres. The pollen from numerous vegetation communities is mixed before deposition and so identifying dynamics in a single community is restricted by uncertainties. Surface sample measurements, and modelling studies have shown, however, that the pollen records contained within small hollows in forests are dominated by pollen from a more local source area within a 100 m radius (Sugita, 1994) . Small hollow pollen analysis from forested sites thus provides data on forest dynamics at the forest stand scale (Bradshaw, 2007 and Bradshaw, 2011) . Such data that are chronologically controlled can be likened to the analysis of vegetation patterns in forest stand quadrats through time. The pollen data derived from such investigations is, however, a proxy for vegetation. Differences in production, dispersal and preservation of pollen across species is an important issue (Seppä, 2007) . In addition, pollen is most consistently identified to genus rather than species level, and occasionally only to family level, so the taxonomic resolution of pollen data do not match that of quadrat data from vegetation surveys. Recent advances in modelling pollen dispersal at landscape and local scales (Sugita, 2007a and Sugita, 2007b) provides an approach for deriving vegetation compositional data for woodland communities from small hollow pollen data (e.g. Nielsen and Odgaard, 2010 , Sugita et al., 2010 and Overballe--Petersen et al., 2013 but the empirical data on pollen dispersal for the relevant taxa required to drive these models in Atlantic oakwoods are not yet available. Consequently it is necessary to rely on pollen data as the vegetation proxy for this investigation. Despite these restrictions, pollen do provide proxy data of vegetation change over millennial timescales that can be analysed to address compositional change in forested communities (Birks, 2007) .
In this paper changes in the biodiversity of Atlantic oakwoods are quantified over millennial timescales from a series of sites located along the west coast of Ireland. This permits the investigation of the research question: how has human exploitation of Atlantic forests impacted on their biodiversity and what is the long--term legacy of this exploitation?
Methods
Pollen records were selected from small hollows in Irish Atlantic oakwoods that had independent dating and covered at least the last 3000 years. This resulted in the selection of 4 pollen records (Table 1) . Further details on the sites and generation of the pollen records can be found in the original publications (Table  1) .
The combined dataset for the four sites is represented by 101 pollen samples and a total of 93 different pollen taxa. Chronologies were developed for each site using the original radiocarbon dates run through the Bayesian modelling technique Bchron (version 3.1.4 using the IntCal09 calibration curve) which uses a stochastic linear interpolation process (Haslett and Parnell, 2008) . From this process it was possible to derive a date for each pollen sample (Supplementary material).
Ordination of the pollen data using non--metric multidimensional scaling (NMS) in PC--ORD 6.08 (McCune and Mefford, 2011) was used to explore the relationship between pollen samples. The taxon richness of each pollen sample can be derived from the number of pollen taxa identified but since the number of pollen grains identified varies across samples it is necessary to rarefy the taxon richness to a constant pollen sum for each site (Birks and Line, 1992) . Rarefaction of the data was computed with the rarefaction function within the vegan package (Oksanen et al., 2012) in R (R Core Team, 2012) to derive an alpha diversity measure for each sample (RareN). RareN was thus scaled to the lowest pollen count from the samples within a site. The rate of change (ROC) between adjacent pollen samples was quantified by the squared chord distance (Grimm and Jacobson, 1992) . The chronologies were then used to scale ROC to units per 100 years. The surface pollen sample for each site was assumed to represent present day conditions. The Sørensen (Bray-Curtis) distance in NMS ordination space for each site was used as a measure of change (beta diversity) in older samples compared to the present day. To facilitate presentation and further analysis, the derived RareN, ROC and beta diversity metrics were pooled across the four sites and averaged for each 1000 year period. In addition to the pollen data, microscopic charcoal data derived from the pollen slides are also available from each site (see original publications for details). The site chronologies were used to derive the charcoal accumulation rate (CHAR) for each sample and these data were also averaged for each 1000 year period. Differences among 1000 year periods were tested for using the non--parametric Kruskall Wallis test followed by post hoc Mann-Whitney U tests with Sidak's adjustment for multiple tests.
The degree of biodiversity heterogeny between, and within, the 1000 year periods was assessed through Multi--Response Permutation Procedures (MRPP) in PC--ORD 6.08 (McCune and Mefford, 2011) . The Sørensen (Bray-Curtis) distance measure was used on the pollen data sets. MRPP derives a test statistic, T, with its associated p--value which indicates the separation between time periods (more negative values represent stronger separation). MRPP also calculates the chance--corrected within--time period agreement statistic, A, to measure the effect of sample size. A = 0 if the average within--time period distance is equal to that expected by chance, A > 0 if average within--time period distance is less than that expected by chance ( McCune and Mefford, 2011).
Results
Summary pollen data from the shortest record (Uragh Wood) and the NMS ordination of the full Uragh data set are reproduced here to provide an illustration of one of the data sets (Fig. 1) . The pollen diagram illustrates how the site was initially dominated by Pinus but this tree declined about 2000 years ago. High charcoal levels in recent centuries are associated with the reduction in tree cover. A successional recovery of the canopy is evident following the reduction in charcoal levels ( Fig. 1a) . The NMS ordination recommended a 2--dimensional solution with a final stress of 10.92 and a final instability < 0.00001. The trajectory that the vegetation community takes over the last 3200 years is depicted by vectors joining the pollen samples in ordination space ( Fig. 1b) . This ordination illustrates that the current woodland composition was most similar to that of 500 years ago.
The mean rarefied taxon richness (RareN) across all four sites displays a significant (p < 0.05) rise 5000 years ago after which richness remains reasonably constant ( Fig. 2a) . The rate of change was highest over the last 1000 years and relatively low from 6000 to 1000 years ago ( Fig. 2b) . Microscopic charcoal was also highest for the last 1000 years with mean CHAR in excess of 25 mm−2 cm−3 100 years−1 ( Fig. 2c) . Analysis of beta diversity revealed that the oldest samples tended to most different (>0.5) from the present day but that the mean beta diversity for the 2000 to 1000 years ago time period was also greater than 0.5 ( Fig. 2d) .
The results of multiple--response permutation procedure (MRPP) revealed a significant difference in the composition between the different time periods (T = −13.40, A = 0.222, p < 0.001). Forest composition during all time periods was significantly different from the present day except for the most recent 1000 years ( Table 2) . For the significantly different groups, the values of A are relatively large (>0.1) indicating that the within--time period distances are appreciably smaller than the between--time period distances illustrating distinct differences in forest composition in all of the time periods older than 1000 years ago compared to today. The T--statistics for the 1-1000 years ago time period compared to the older time periods are even more negative, with stronger statistical significance, than comparisons with the present day ( Table 2).
Discussion
Two factors can be considered as the most significant drivers of compositional change in Irish Atlantic oakwoods. The earliest is the presence of Pinus in these woods before 2000 years ago and the second factor is the intense human exploitation of these woods in recent centuries. Pinus was an early postglacial colonist in Ireland; it spread rapidly up the west coast where it dominated woodland vegetation ( Mitchell, 2006) . The subsequent expansion of blanket bog severely restricted its distribution and this is associated with the extirpation of Pinus across most of Ireland around 4000 years ago ( Bradshaw and Browne, 1987) . Small populations are recorded as surviving in Atlantic woodlands in SW Ireland until at least 2000 years ago ( Mitchell, 1988 and Little et al., 1996) where the presence of the tree appears to have facilitated podzolisation ( Little et al., 1996 and Little et al., 1997) . Although Pinus sylvestris stands form viable forest vegetation communities in Ireland today, the tree is no longer considered to be native ( Roche et al., 2009) . Consequently the Atlantic oakwoods of highest conservation interest today do not accommodate Pinus sylvestris. These woods now have a canopy dominated by Quercus petraea ( Kelly, 2005) . This principal difference in forest composition today compared to before 4000 years ago explains the large differences seen in MRPP (both T and A statistics) as well as in alpha and beta diversities. Reduced populations of Pinus survived in the south western Atlantic woods (but not in Brackloon which is further north) until 2000-1500 years ago. This final decline in Pinus contributed to the relatively high beta diversity during the 2000-1000 years ago time period.
Timber extraction, the production of charcoal for iron smelting and the harvesting of oak bark for leather tanning during the 17th, 18th and early 19th centuries resulted in heavy exploitation of Atlantic oakwoods throughout their range. These activities are well documented (McCracken, 1971 , Watts, 1984 and Smout et al., 2005 and are particularly evident in the Irish, Welsh and Scottish small hollow pollen and charcoal records (Edwards, 1986 , Mitchell, 1988 , Little et al., 1996 , Little et al., 2001 and Sansum, 2004 . Mean charcoal accumulation rates in the four Irish sites investigated here are significantly higher over these centuries than any previous time period (Fig. 2c) . Such activity would have led to an opening of the canopy and although this did not lead to an increase in taxon richness, it did result in the highest rates of change for any time period. Pteridium and other herbaceous taxa increase their representation over this time, presumably in response to more light reaching the woodland floor. The Atlantic oakwoods were thus in a dynamic phase of constant flux. The distinctiveness of this exploitation phase (1-1000 years ago) is also evident from the MRPP results when it is compared to earlier time periods. Despite these significant differences in composition, there was no significant change in taxon richness over the last 5000 years. This serves to highlight one of the restrictions of using pollen data where taxonomic resolution is mostly to genus level and small quantities of pollen can be transported to the site from long distances. The application of pollen--vegetation models ( Sugita, 2007b) can account for the latter but not the former. The exploitation phase was not, however, significantly different from the present day woodland which highlights the legacy of the exploitation that is still evident in today's woodlands. The T--statistics for the comparison of the exploitation phase with the pre--exploitation periods indicates that the present day woodland is recovering from exploitation and moving towards earlier compositions.
Many woodlands that were exploited during these recent centuries have not survived. Those that have, were subjected to deliberate management and sylvicultural practices that favoured the most valuable tree, sessile oak (Quercus petraea). These EU Annex 1 habitats thus carry a clear legacy from their previous management because it was implemented to promote the current generation of canopy trees. This has resulted, for example, in an unnaturally high proportion of Quercus in the canopy. Consequently the current structure and composition of Atlantic oakwoods is not sustainable without significant intervention and manipulation.
Travelling back in time to before this exploitation phase we are presented with forest communities that when compared to the present day have a mean beta diversity that is greater than 0.5 so these woodlands were quite different to the present day. The principal difference in the canopy was the presence of Pinus with reduced representation of Betula while the field layer differed through the reduced representation of herbaceous taxa. The rates of change were lower than the last 1000 years suggesting more stability.
So the present day Atlantic woodlands still hold a strong legacy of past exploitation. This raises the question of how we should define these sites and what their conservation management should strive to achieve. Palaeoecological data are heralded as providing access to baseline data to facilitate such decisions (Willis et al., 2010) but in this case the data reveal dynamic histories which provide a variety of scenarios, all of which could be classified as baseline. It is however evident that the current structure and composition of these woodlands is unsustainable under their current non--intervention management. Their history suggests that these woodlands are a feature of the cultural, rather than the natural, landscape. Decisions thus need to be made to decide whether they should be managed to maintain their cultural identity or whether this legacy should be lost in favour of a more natural ecosystem.
